ABSTRACT: Sonogashira coupling of 9,9-bis(2-ethylhexyI)-2,7-diethynyl-9H-fluorene (I) with 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (2) and dibromo-substituted electron accepting arylenes 5,7-bis(5-bromothiophen-2-yl)-2,3-dihexylthieno[3,4-b)pyrazine (3), 4,7-bis(5-bromo-4-(2-ethylhexyl)thiophene-2-yI)bis(benzothiadiazole) (4) or 4,9-bis (5-bromo-4-{2-ethylhexyl)thiophen-2-yl)-6, 7-dihexylthiadiazolo(3,4-g]quinoxaline (5), respectively, in a miniemulsion polymerization process afforded colloidally stable dispersions of poly(arylene ethynylene) nanoparticles with an average size in the range of SO to 120 nm. For these poly[(1-alt-(2-co-X)J (X = 3, 4, or 5), poly(l-alt-3), poly(l-alt-4), and poly(l-alt-5) aqueous nanoparticle dispersions absorption occurs increasingly in the red and NIR regime with increasing incorporation of acceptor monomer, with a strong absorption up to Aabs = 1 Jlm for poly(l-alt-4) dispersions. For poly[l-alt-(2-co-3)] nanoparticles fluorescence is also observed at Aem = ca. 700.nm, which occurs at this long wavelength exclUSively even at an incorporation of only 1 mol % of 3 due to energy transfer to the Iow-energy chromophores. An alternative postpolymerization approach by change of solvent quality yielded dilute aqueous dispersions of self-stabilized nanoparticles from. an amphiphilic block copolymer, poly{ethylene glycoI)-block-poly(l-alt-6)-block-poly(ethylene glycol) generated from. alkyne-tenninated poly(l-alt-6) via azide-alkyne coupling (6 = 4,7-bis(5-bromo-4-(2-ethylhexyI)thiophene-2-yl)benzothiadiazole), which fluoresce at Aem mal< = 672 nm. 
II1II

INTRODUCTION
Nanoparticles of conjugated polymers are finding increasing attention due to their luminescent nature. I They are studied for optoelectronics,z,3 live biological imaging, 4-6 or sensors? -9 By comparison to other types of nanoparticles, conjugated polymer nanoparticles are characterized by high absorption coefficients, nonlinear optical absorption, and photostability. The systems studied to date largely absorb and emit at wavelengths below 600 nm. However, there is a clear general need to cover also the red and near-infrared red (NIR) part of the spectrum. lO -IS For example, this is desirable for excitation with less damaging, deeper penetrating light, multicolor imaging, NIR photothermal therapy or more efficient energy harvesting. To this end, nanoparticles of conjugated polymers containing small amounts of phYSically blended NIR-emitting low-molecular-weight organic dyes 16 or inorganic quantum dots 17 have been reported. Notably, bulk materials and thin films of conjugated polymers with low optical band gaps corresponding to absorption of high wavelength visible light are studied intensely in the context of organic solar cells. IS, 19 The lack of corresponding nanoparticles is likely related to the low solubility of such polymers and chromophors with condensed and multiple heterocycles. This is an issue in both direct nanoparticles synthesis by polymerization in disperse heterophase systems,20,21 as well as postpolymerization approaches. 2 ,22-24 We now give a first full account of the 7799 preparation and some basic physical properties of nanoparticles of low optical band gap polymers. II1II 
EXPERIMENTAL SECTION
General Methods and Materials. NMR spectra were recorded on a Bruker Avance III 400 spectrometer. I H and BC resonances were referenced to the solvent Signal. TEM images were obtained on a Zeiss Libra 120 instrument (acceleration voltage 120 kV). Samples were not contrasted. Dispersions were dialyzed for TEM analysis to remove any free surfactant, and applied to a carbon coated copper grid in diluted form. FT-IR spectra were recorded on a Perkin-Elmer Spectrum 100 spectrometer. Absorption spectra were recorded on a Varian Cary 50 spectrometer. Fluorescence spectra· and fluorescence quantum yields were obtained on a Hamamatsu absolute PL quantum yield measurement system C9920-02, or with a custom-built NIR fluorescence spectrometer with a nitrogen-cooled Ge diode (Northcoast) as a detector. A diode laser (690 nm, 19 mW, model ACM19/ 1203) was used for excitation. Miniemulsions were prepared using a Bandelio HD 2200 sonotrode with a KE76 tip operated at 120 W. Gel permeation chromatography (GPC) was carried out on a Polymer Laboratories PL-GPC 50 instrument equipped with a refractive index and a UV /vis detector, with two PLgel 5 Ilm MIXED-C columns in THF at 40 °C against polystyrene standards. Particle sizes were determined by dynamic light scattering (DLS) on a Malvern Nano·ZS ZEN 3600 particle sizer (173 0 back scattering). The autocorrelation function was analyzed using the Malvern dispersion technology software 5.1 algorithm to obtain volume weighted particle size distributions, and polydispersities.
, and CuBr (~97%) (Merck) were used as received. Diisopropyl amine (>99.5%) (Aldrich) was dried and distilled over KOH, toluene was distilled from sodium, methanol was dried and distilled from magnesium, THF was distilled from sodium with benzophenone as a moisture indicator, and chloroform was dried over (6) was generated in five steps from benzothiadiazole. 3S~37 (c£ the Supporting Information for experimental details of all monomer syntheses). General Miniemulsion Polymerization Procedure. Stoichiometric amounts of the respective monomers were mixed with 80-120 Ilg of CuI, 1.0 g of toluene, 0.5 g of diisopropyl amine and 1 mol % (relative to the total amount of monomers) [Pd(PPh 3 ).] in a drybox. The solution was drawn into a 5 mL syringe, transferred from the drybox, and injected into 25 mL of degassed 1 or 2 wt % (relative to water) SDS aqueous solution under an argon atmosphere in a 100 mL round-bottom flask fitted with a Teflon stopcock and a magnetic stirrer. The mixture was subjected to 2 min ultrasound treatment with a sonotrode under argon counterflow. The flask was sealed and heated to 50°C while stirring for several days. For further analySiS, an aliquot of the dispersion was precipitated by addition to excess methanol, to afford a colorless clear supernatant and the polymer in quantitative yield. Toluene and amine base residues can be removed from the dispersions by dialysis against neat water if necessary.
Block Copolymer Synthesis. A 223.4 mg (0.327 mmol, 0.818 equiv) sample of 4,7-bis(S-bromo-4-(2-ethylhexyl)thiophene-2-yl)-benzothiadiazole) (6) and 175.5 mg (0.400 mmol, 1 equiv) of 9,9-bis(2-ethylhexyl)-2,7-diethynyl-9H-f1uorene (1) were degassed thoro oUghly, and dissolved in a mixture of 7 mL of dry toluene and 1 mL of piperidine. [Pd(PPh 3 ).] (4 mg) and 10 JIg of CuI were added to the 7800 mixture in a Schlenk tube. The reaction mixture was stirred at 60 °C for 67 h and the polymer was then precipitated from methariol, filtered, washed with methanol and dried in vacuo. Molecular weights were determined by GPC and IH NMR analysis by integration of the ethynyl protons against the backbone protons (c£ Supporting Information).
A 20 mg (1.6 Jlmol ethynyl end-groups) sample of the aforementioned alkyne-terminated poly(l-alt-6), 3 .47 mg (1.7 Jlmol) of PEG 20oo -azide (CH3{OCH2CH2}nN3) and 2 mg (13.9 Jlmol) of CuBr were dissolved in 1 mL dry THF under an argon atmosphere. The mixture was heated to SO °C for 94 h. The sample was then diluted with additional THF and precipitated by addition to hexane. The solid was purified by centrifugation, and repeatedly dissolved in THF and reprecipitated with hexane until the supernatant was colorless. The solid was collected and dried.
Post-Polymerization Emulsification. A 0.05 wt % solution of the aforementioned PEG-block-poly(1-alt-6)-block-PEG in THF was prepared and filtered with a 0.45 Jlm nylon syringe filter. The THF solution (0.1 mL) was injected rapidly into 1.5 mL of Milli-Q water under vigorous stirring. The optically clear, pink disperSion was stirred open to air for 5 min and was then subjected to further analysis.
RESULTS AND DISCUSSION
Polymerization in Miniemulsion. In order to adjust the optical properties of polymer nanoparticles, different (co)-monomers with variable electron accepting properties ( Figure  1 ) were studied in the Sonogashira coupling to poly( arylene ethynyles). Dithiophene-substituted N,S-heterocycles were employed as these not only absorb at longer wavelengths, but in particular also possess a much higher solubility by comparison to the parent heterocycles. A stoichiometric amount of diethynyl bis(2-ethylhexyl)fluorene (1) was polymerized with mixtures of dibromo-substituted acceptor moieties (3 to 5) and dibromobis(2-ethylhexyl)fluorene (2) . Incorporations of the electron-withdrawing repeat units were varied over a wide range, from 1 mol % to 50 mol % (relative to the total amount of monomerSj that is, 50 mol % corresponds to the acceptor monomer as the sole dibromo component).
Bromothiophene-substituted dihexylthienopyrazine 3 possesses the least pronounced electron withdrawing properties of the N,S-heterocycles investigated. Hexyl side chains were employed to provide sufficient solubility of the monomer in the organic phase of the miniemulsion protocol, as experiments with the methyl-substituted analogue revealed an insufficient solubility limiting the maximum incorporation of comonomer 3 to 4 mol % (not shown here). This allowed for polymerization even with 3 as the sole dibromo component, to yield poly(lalt-3). Particle sizes are in the range of 40-60 nm (Table 1) . 
poly[1-alt-(2-co-3)] (n =1: poly(1-alt-3»
The bis(benzothiadiazole) moiety is a stronger electron acceptor vs thienopyrazine, and provides enhanced absorption at higher wavelengths. The propensity for crystallization of the planar benzothiadiazole ring 38 -40 reduces the solubility of the monomer in the organic phase of the miniemulsion. In order to account for this, branched 2-ethylhexyl substituents were utilized on the thiophene rings (4). This enabled the polymerization even of 1 with 4 as the sole dibromo component even though 4-despite the branched side chains-has a limited solubility in the monomer /toluene phase of the miniemulsion. Consequently, the mono mer and catalyst solution had to be processed rapidly to avoid recrystalIization during emulsification. Stable dispersions were obtained for the entire range of I mol % to 50 mol % of 4 with particle sizes from 67-87 nm (Table SI, (1-alt-4) , along with a phYSical mixture of this polymer extract with monomer 4, and the free monomer only for comparison. While the monomer was eluted from the latter two comparative samples, the polymer stayed in the origin entirely and no eluates were observed.
poly[1-alt-(2-c0-4)] (n =1: poly(1-alt-4»
In order to improve the solubility of the electron accepting monomer and to facilitate preparation and handling of the miniemulsion for polymerization, monomer 5 was studied (Table 52 
poly[1-alt-(2-co-5)] (n =1: poly(1-alt-5))
Optical Properties. Absorption and emission properties of the particle dispersions were studied in the UV-vis and NIR range, up to lA pm wavelength. As (Table 1) .
number of chromophores with different conjugation lengths and chemical compositions, and consequently energy levels exists. In the solid particle, intra-and interchain interactions result in energy transfer to the lower energy chromophores, which accounts for the larger Stokes shift vs polymer solutions. 41 ,42 Before this well-established background, it is nonetheless notable that an incorporation of only 1 mol % of monomer 3 suffices to trigger emission only from the lower energy states involving the heterocycle repeat units, virtually no fluorescence from the fluorene backbone was observed. Q!Jantum yields decreased with increasing incorporations of 3, which is probably due to self-quenching and reabsorption.
For poly[l-alt-(2-co-4)] dispersions, as anticipated absorption is extended to higher wavelengths in the form of a band with a maximum at 8lO-850 nm, which increases in intensity with increasing amounts of incorporated 4 ( Figure 4 and Table SI, Supporting Information). In the overall absorption spectrum, absorbance is low or virtually absent around 590 nm. This "spectral window" accounts for the greenish appearance of the dispersions (Figure 4 ). Other than for the dispersions of poly[l-alt-(2-co-3)] (vide supra), excitation at 398 nm did not result in any detectable fluorescence. However, an-albeit weak-NIR fluorescence at 900 nm was observed for polymer solutions in CCI 4 , excited with A = 690 nm ( Figure   S4 , Supporting Information). No fluorescence was found for the aqueous nanoparticle dispersions under these conditions. This is possibly due to absorption of the emitted fluorescence light by the dispersant water, as the solid state emission should be red-shifted in comparison to the aforementioned solution spectrum toward wavelengths where absorption by water is no longer negligible. 43 Likely, a more pronounced nonradiative relaxation in the particles by comparison to polymers solutions also contributes.
As expected, the spectral properties of dispersions of poly[l- 
alt-(2-co-S)]
PEG-block-poly(1-alt-6)-block-PEG
suppress oxidative Glaser coupling as a side reaction. The formed alkyne-terminated poly(l-alt-6) was collected by precipitation in methanol. End group analysis by IH NMR spectroscopy reveals an average molecular weight of MoeH NMR) = 2.5 X 10 4 g mol-I, which corresponds to an average of 20 repeat units. GPC against polystyrene standards ( Figure S7 , Supporting Information) affords an apparent molecular weight of Mo = 3.9 X 10 4 g mol-I (Mw/Mo 2.5), which agrees reasonably with the absolute molecular weight from NMR determination taking into account that GPC will overestimate molecular weights of more rigid polymers.44 A THF solution of this poly(I-alt-6) was reacted with 2.1 equiv of polyethylene glycol monofunctionalized with an azide end group (PEGazide), with copper(I) bromide to promote the azide-alkyne addition reaction. Again, strict exclusion of oxygen was e~sential to suppress side reactions. After work-up, PEG-block-poly(l-alt-6)-block-PEG was obtained as concluded from IH NMR analysis ( Figure S3 , Supporting Information). The characteristic resonance of the methylene protons (2.22 ppm) adjacent to the azide group is absent, indicating that no free unreacted PEG-azide is present. The absence of alkyne proton resonances (3.12 ppm) agrees with complete functional group conversion. The PEG methylene protons adjacent to the triazole ring give rise to resonances at 4.62 (aCH 2 ) and 3.96 (PCH 2 ) ppm, respectively. Note that the triazole proton resonance is obscured by the backbone signals.
Post-Polymerization Emulsification. Self-stabilized nanoparticles were generated by a rapid change of solvent quality ("nanoprecipitation") from a good solvent for both blocks to a dispersing medium that is miscible only with PEG. A dilute THF solution of the block copolymer was rapidly injected manually into a large excess of water. Particles with an average size of SS nm according to DLS were formed. This particle size agrees with TEM analysis (Figure 5 ), which shows nonaggregated uniformly spherical particles. The dispersions are colloidally stable over prolonged times, as also evidenced by an unaltered particle size in repeated DLS measurements ( Figure  S8 , Supporting Information).
The particle dispersion features a typical broad absorption, with maxima at 390 and 550 nm ( Figure S6 , Supporting Information). A single fluorescence band is observed with Aem max = 672 nm. An observed quantum yield of <' P = 10% is satisfactory for a solid state polymer, making these particles well suited for spectral distinction from background fluorescence, for example in cell experiments. 
SUMMARY AND CONCLUSIONS
Nanoparticles of conjugated polymers with an absorption profile in the red region of the spectrum and in the NIR regime up to A :;:j 1 Jlm can be generated in the form of poly( arylene ethynyles) containing electron-withdrawing annelated S,Nheterocycle motifs. Sonogashira coupling in aqueous miniemulsions of a diethynylene fluorene with appropriate dibromides afforded stable particle dispersion. With increasing content of the electron-withdrawing repeat units, the solubility of the polymers in organic solvents decreases strongly, and the materials are entirely insoluble in common solvents. This highlights the advantage of the miniemulsion procedure, which other than postpolymerization dispersion procedures can provide dispersions also of intractable, insoluble polymers. Note that a limited solubility even of the monomers in the organic phase of the miniemulsion, though much higher than the general solubility of the polymers, can be an issue for some of the compounds studied. For a poly(f1uorene ethynylene) containing only 1 mol % of di(thiophene)thienopyrazine repeat units, fluorescence was observed virtually exclusively in the red (Aem ma.x ca. 700 nm). At the same time, the quantum yield of <' P = 17% is quite acceptable for a solid polymer. At higher incorporations, and for the more electron-withdrawing di-(thiophene )-bis(benzothiadiazole) or -thiadiazoloquinoxaline repeat units fluorescence ceases. This is likely due to selfquenching and reabsorption.
For comparison, a postpolymerization approach by rapid change of solvent quality was applied to an amphiphilic blockcopolymer prepared for this purpose. Stable surfactantfree particles were generated from PEG-block-poly(l-alt-6)-block-PEG (I, {9,9-bis(2-ethylhexyl)-9H-fluoren-2,7-diyl}-ethynylenei 6, {4, 7 -bis[ 4-( 2-ethylhexyl)thiophene-2,S-diyl]-benzothiadiazole}ethynylene). These particles fluoresce in the orange-red regime, with Aem max ca. 680 nm and <I> = 10%. Note that this postpolymerization approach is restricted to the preparation of dispersions with considerably lower particle number concentrations vs the heterophase polymerization in miniemulsion polymerization as the approach requires utilization of dilute polymer solutions. The biocompatibility and nontoxicity of poly(ethylene glycoltS is attractive when considering in vitro or in vivo imaging applications.
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